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Introduction
The Norway lobster, Nephrops norvegicus (hereafter referred to by genus alone), is a marine decapod crustacean, widely distributed in the Northeast Atlantic, from Iceland to Mauritania, and in the Mediterranean Sea (Figueiredo and Thomas, 1967) . It is highly valued commercially, with estimates of annual total Nephrops landings in the Northeast Atlantic and Mediterranean of some 60 000 t (ICES, 2007) . It is found on muddy shelf and shelf-edge sediments, at depths of between 10 and 800 m ; dos Santos and Peliz, 2005) , where it constructs distinctive burrows (Figure 1 ). It has a predominantly semi-fossorial foraging strategy, but is known to be capable of filter-feeding and believed to remain within the burrow feeding in this manner at certain stages of its life cycle (Lars-Ove et al., 1993; White, 2005) . Variability in emergence patterns is associated with, among other factors, seasonality, sex, time of day, tidal state, depth, and prevailing light conditions (Chapman and Howard, 1979) , and results in trawl catch rates that are thought to be poorly representative of the Nephrops population as a whole . Concerns have been raised about the validity of age-based analytical assessments of some Nephrops stocks as a basis for setting international landing limits because of problems associated with misreporting of catches, unreliable measurement of effort, and poorly parameterized growth models (ICES, 2006a, b) . Nephrops lack hard structures bearing marks indicative of age, which makes it difficult to apply standard age-based assessment methods. In addition, variability in growth and sexual dimorphic growth rates also present problems in constructing age-based assessments. Several ICES Working Groups responsible for Nephrops assessment have concluded that continued attempts to conduct age-based assessments using knife-edge sliced age compositions from fishery landings and length data are ill-advised (ICES, 2006a, b) . They have offered advice on Nephrops populations using underwater television (UWTV) surveys as an absolute measure of abundance, and have applied a suitable harvest rate to the population to calculate a sustainable value of removals. Recently, some workers have applied correction factors to UWTV abundance estimates to account for edge effects in Nephrops assessments (Morello et al., 2007) .
The methods used in UWTV assessment of Nephrops populations were developed in Scotland during the 1980s (Chapman, 1985; Bailey et al., 1993) , and refined by a number of EU-funded study projects (Marrs et al., 1996 (Marrs et al., , 1998 Tuck et al., 1997) . The approach is now used as standard for assessing Nephrops populations in UK and Irish waters, with developmental surveys being Crown Copyright # 2009. Published by Oxford Journals on behalf of the International Council for the Exploration of the Sea. All rights reserved. investigated in many other countries (ICES, 2007) . A towed sledge mounted with TV cameras (Figure 2 ) has been used by Fisheries Research Services (FRS) to carry out regular UWTV surveys of Nephrops populations around Scotland (Figure 3 ) since 1994. The sledge is a tubular aluminium frame (2.1 m Â 1.6 m Â 1.5 m), designed so that the attached camera has an uninterrupted oblique view of the seabed below and to the front of the sledge, in the direction the sledge is moving. The frame is mounted on two strips of mild steel, 75 mm wide, which support the frame and act as skids, reducing the depth that the frame sinks into soft sediments. An odometer, mounted at the rear of the sledge, records the distance covered, and a rangefinder mounted alongside the camera measures the distance between the camera and the seabed, from which the width of the field of view is calculated assuming that the sledge is parallel with the seabed. Although this assumption is a potential source of error, the use of a rangefinder offers a significant improvement in accuracy of viewed area estimation over UWTV deployments in which the camera height is unmeasured (ICES, 2007) . Survey positions in each functional unit are generated randomly within three strata, based on the distribution of mud, sandy mud, and muddy sand sediments, taken from British Geological Survey maps. At each survey station, the sledge is Investigating uncertainties in assessment of Nephrops using simulated underwater TV data towed over muddy sediment for 200 m. All Nephrops burrow openings identified in view are allocated to a burrow complex, and the numbers of burrow complexes that cross a defined line on the TV screen are counted. For FRS surveys of Scottish Nephrops stocks, this line is the lower edge of the viewed area. Openings are allocated to burrows by experienced counters in a subjective manner, based on the orientation of burrow entrances and the distance between openings. Calibration exercises have revealed a high degree of similarity in allocation of openings to burrows between counters (ICES, 2007) . Estimates of density at each station are then calculated from the Nephrops burrow complexes count for a known viewed area (width of view Â length of track). The currently accepted counting methodology counts all burrow complexes with openings that cross a defined point on the screen, irrespective of their position relative to the edges of the field of view. However, including all burrow complexes that extend beyond the edges of the field of view will overestimate the population density, because these would also be counted on a survey of the adjacent strip ( Figure 4 ). This overestimation bias has been termed the "edge effect" (ICES, 2007) .
Linear-strip transect survey methods have been used extensively in a wide variety of fields, including ecology, geology, wildlife management, and risk assessment (e.g. Laslett, 1982; Wiens and Rotenberry, 1985; Lutes et al., 2006) . The problems of bias caused by partial observations at the boundary of any spatially censored survey area have been discussed for more than a century (Pound and Clements, 1898) . Several methods have been proposed to account for edge effects, such as the use of a "buffer zone" around the surveyed area (Sterner et al., 1986; Szwagrzyk and Czerwcsak, 1993) , a torroidal transformation of the survey plot (Upton and Fingleton, 1985) , or the application of a correction factor to results (Getis and Franklin, 1987; Andersen, 1992) .
It was recognized early in the development of Nephrops UWTV assessment that when TV density data were used solely to generate a relative index of abundance, edge effects were unlikely to introduce large errors. However, if the data were to be used to estimate stock abundance, then both edge effects, in terms of estimating population size, and errors in mean sizes of Nephrops, in terms of raising average weights of individuals to a population scale, could lead to considerable overestimation of total-stock biomass (ICES, 2000 (ICES, , 2007 . Using a mean burrow size obtained from resin casts of Nephrops burrows (Marrs et al., 1996) , previous simulation studies have predicted overestimates of burrow density of between 34 and 57% (ICES, 2000) .
Little attention has been paid to the accuracy of the visual census approach used in UWTV surveys, and previous attempts at modelling have assumed burrow complexes in which all burrow entrances are identifiable as being constructed by Nephrops (Addison and Bell, 2000) . Although the characteristic paired "crescent-moon" Nephrops burrow complex is easily recognized, Rice and Chapman (1971) showed that some 30% of openings to burrows inhabited by Nephrops were not of this design and that single openings could easily be confused with the smaller burrow entrances created by the gobiid Leseuerigobius friesii or the crabs Calocaris macandrae and Goneplax rhomboides.
Here, we describe an attempt to use simulated survey data to quantify the factors that influence the magnitude of error in Nephrops UWTV abundance estimates caused by edge effects and burrow recognition. In addition, suggestions are made for improved methodological procedures to minimize the influence of edge effects on future assessments, and the possibility of applying a correction factor to historical assessments is discussed.
Methods
A simulation exercise was undertaken to investigate the potential edge effects of current burrow counting methodology. This was written as a series of R scripts using R version 2.5.1 (R Development Core Team, 2007) .
Model construction
Field studies suggest that Nephrops burrows may be clustered at certain times of the year (Tuck et al., 1994) , but for simplicity, a random distribution has been assumed for this exercise. Nephrops are highly territorial animals and are unlikely to follow a random distribution in reality, but this is only relevant to their distribution along the survey track, and should have no bearing on their distribution with respect to the edges of the viewed area, so this is a reasonable assumption to make. The chosen numbers of burrow complex centroids, r, were distributed at random positions within a 3 m Â 200 m area. This is approximately equivalent to the distance covered by the UWTV sledge in a 10-min run. Previous workers, using resin casts, have characterized the structure of Nephrops burrows Marrs et al., 1996) . Although single-entranced Nephrops burrows have been described , it was assumed here that the minimum number of openings a burrow could have was two and that at least one of these would be of the characteristic recognizable shape. It was also assumed that burrow counters assigned burrows to complexes accurately and that there was no "double counting"counting entrances to a single burrow complex two or more times. The number of openings at each burrow complex was drawn from a Poisson distribution [2 + r pois (mean ¼ 0.4)]. The maximum distance, D, between the main openings in the burrow complex was drawn from a lognormal distribution (mean d, standard deviation V), and the burrow orientation relative to the survey track, u, was drawn at random from a uniform distribution between 0 and 2p ( Figure 5 ). For each burrow complex, the primary opening (a) was randomly located at angle u on the circumference of a circle about the burrow centre, of diameter D, with the second burrow entrance (b) being located directly opposite the centre from the first opening. If present, a tertiary burrow opening (g) was located at right angles to the orientation of the first two openings, a random distance between 0 and 0.5D from the centre of the burrow complex. Quaternary burrow entrances (d) were located on the opposite side to the third, at a random position within the proscribed semicircular area. A proportion of secondary and additional burrows, b, was deemed to be of non-standard construction and would not be identified as Nephrops burrow entrances if seen in isolation in an UWTV survey. The burrow structure described here generates results not dissimilar to the observations of burrow resin casts made by Marrs et al. (1996) , and plots of burrow distributions were supported by experienced burrow counters at FRS.
The width of the lower edge of the field of view of the TV camera (V) was calculated based on known physical parameters of the FRS TV sledge and focal properties of the camera lens, to give the width of the viewed track about the centre of the survey area, assuming a certain relative height between the sledge and the substratum, s. Positive values of s represent the sledge sinking into soft sediments, and negative values represent the sledge gliding above the seabed, e.g. while being towed into the current or lifting off the bottom in rough weather.
In each simulated tow, the numbers of burrow complexes with identifiable burrows within the viewed area were summed, according to the currently accepted counting practice, and the ratio of counted burrow complexes to the number of complex centres lying within the viewed track was calculated. Simulations were repeated 10 000 times for each set of input values, the ratio of counted to true population size sorted, and the median value retained, and the 500th and 9500th values were used as a measure of variability.
Effect of burrow density
To investigate the effect of burrow density on edge effects, a series of simulations was carried out, using constant values of sledge sinkage (s ¼ 0.0 m), and fixed values were used to generate the distribution of distances between burrow openings D (d ¼ 3.8, V ¼ 0.4). All burrow entrances were assumed to be of characteristic form (b ¼ 1). The ratio of the counted to the true population size was calculated at a range of burrow densities between 0.00 and 2.00 m 22 , in 0.05 m 22 increments. These cover the range of densities commonly observed in Nephrops populations.
Effect of burrow size
No significant relationship has been identified between burrow density or animal size and maximal distance between openings (Marrs et al., 1996) , possibly because of the limited range of population densities that occur in diveable depths and are therefore available for resin-casting. There is, however, a non-significant positive relationship between animal size and burrow length (Marrs et al., 1996) , and anecdotal observations appear to suggest that in certain low-burrow-density stocks (e.g. the Fladen Ground), burrows may be far larger than those observed in higher density stocks (e.g. the Firths of Clyde and Forth). To investigate the impacts of this observation, the mean distance between burrows, d, was varied in further simulations. It is likely that the standard deviation would vary with the mean, and in the simulation, these parameters were assumed to be directly proportional, with values of d ranging from 2.7 to 4.5, at increments of 0.1, and V from 0.3 to 0.5. Burrow sizes were constrained such that no burrow complex could be ,0.2 m or .1.5 m. Burrow density was fixed at 0.75 m 22 , and s (sinkage) at 0 cm. Again, all burrow openings were assumed to be of characteristic form (b = 1).
Effect of relative sledge height
Sinkage of the sledge into the substratum reduces the width of the viewed track, whereas lifting of the sledge off the seabed causes the track to widen. To investigate the influence of this on edge effects, a series of simulations was carried out using fixed values of burrow density (0.75 m 22 ) and burrow size distribution (d ¼ 3.8, V ¼ 0.4). All burrow openings were assumed to be of characteristic form (b ¼ 1). Simulations were carried out at s values of between 20.24 and 0.32 m, at intervals of 0.02 m.
Combined effect of burrow size and relative sledge height
Having established the significance of burrow density, burrow size, and sledge height relative to the seabed on the magnitude of error in estimating Nephrops population size, further simulations were carried out to investigate the combined effect of burrow size and relative sledge height. Burrow density was fixed at 0.75 m 22 , and a series of simulations was carried out using values of s between 20.24 and 0.32 m, at intervals of 0.02 m, and at values of d ranging from 2.7 to 4.5 and V from 0.3 to 0.5. Once again, all burrows were assumed to be of characteristic form (b ¼ 1).
Effect of burrow identifiability
The UWTV assessment process assumes that all burrows are identifiable as belonging to Nephrops. To investigate the significance of this assumption, simulations were repeated, which varied the burrow size and relative sledge height, but burrow identifiability values (b) of 0.8, 0.6, and 0.4 were investigated.
Results

Burrow density
All simulations of burrow density revealed a median overestimation of population size of 1.36 (Figure 6a ). Variability decreased markedly at burrow densities .0.2 m 22 , but there was no bias in the direction of that variability. The results showed that although the absolute error caused by edge effects increased with burrow density, the relative error between measured and true population size remained constant for a given sledge sinkage and burrow length distribution.
Burrow size
Variable burrow size had a significant effect on the magnitude of population overestimation caused by edge effects (Figure 6b ). There was a direct relationship between mean burrow size (D) and Nephrops population overestimation. Median population overestimation increased from 1.15 at a mean burrow size of 20.6 cm to 1.55 at a mean burrow size of 94.3 cm. Variability in the magnitude of error also increased with burrow size.
Relative sledge height
The height of the TV camera relative to the surrounding seabed (s) also had a significant influence on the estimation of population size, with median population overestimation increasing from 1.29 at s ¼ 20.24 m to 1.47 at s ¼ 0.32 m (Figure 6c ).
Combined effect of burrow size and sledge sinkage
Combining the bias effects of sledge sinkage and mean burrow size produced a curved error surface (Figure 7) . Edge effects caused overestimations of population size of between 1.04, when the sledge glides above the seabed and small mean burrow sizes, and 1.56 at high mean burrow sizes and deep sledge sinkages.
Effect of burrow identifiability
Decreasing burrow identifiability has the effect of mitigating the scale of errors produced by edge effects. Although edge effects produced overestimations of population ranging between 1.04 and 1.56 times when all burrows were assumed to be identifiable (b ¼ 1), when identifiability of secondary and additional burrows (b) was reduced to 0.4, the scale of the edge-effect errors reduced to 1.01 -1.24 times (Figure 8a -d) .
Discussion
The results of this study confirmed that current counting methods employed in Nephrops assessments have the potential to overestimate the population size. The degree of overestimation was not inconsistent with the 34 -57% range proposed by previous workers (Addison and Bell, 2000) , although in this study, the lower bound was only 4% overestimation.
These findings suggest that the application of a correction factor to previous Nephrops assessments would require information on the degree of sledge sinkage and the mean size of Nephrops burrows in the areas being assessed. In this study, it has been assumed that burrow density and the mean size of burrows are independent, which may not be true in reality. However, burrow density has no effect on the magnitude of edge effects, so can be ignored. Sledge sinkage depends on a number of factors, such as the weight of the sledge, the width of the skids, the speed of the ship, and the firmness of the sediment. Relative sledge height is recorded every 4 s in FRS UWTV surveys by a rangefinder mounted on the sledge. The frequency distribution of rangefinder readings from some sledge deployments in 2005, and the mean relative height of the sledge throughout deployments in many functional units during 2005, 2006, and 2007 are shown in Figures 9 and 10 . These reveal variability both between functional units and between years, with a tendency towards greater values of sledge height from offshore areas (e.g. the Fladen Ground, where the sledge typically sinks from 0 -5 cm, and the South Minch) than in more sheltered areas (e.g. the Clyde, where the sledge typically sinks 10 cm). This arises from the fact that sediments in areas such as the Fladen are generally firmer (greater proportions of sand), so the sledge sinks less than in muddier areas. Sledge design varies between institutes in terms of the weight of the equipment mounted upon it, and within institutes, sledge design and umbilical diameter have changed over time as the survey methodology has developed. It would therefore be unwise to apply a single correction factor to all UWTV assessments of Nephrops stocks.
Information on the mean size of Nephrops burrows in Scottish waters is available (Marrs et al., 1996) , but this is derived from diveable shallow-water Nephrops populations, and may be unrepresentative of Nephrops burrows in deeper, offshore waters. Extensive Nephrops size composition information from the fisheries in these areas shows skewed distributions, with the largest numbers at smaller sizes (mean size in catches of 30 mm carapace length, CL) and few large animals (maximum sizes 70 mm CL). Although the relationship between animal size and burrow size is not well-defined at present, it seems likely that the largest animals are associated with larger burrows. This would imply that some of the highest predicted overestimations of burrow counts, associated with large burrows (Figures 6b and  7) , occur relatively infrequently, and that overestimation values associated with the bulk of the population are typically going to be smaller. Further work to measure mean burrow dimension is therefore required before a correction factor can be applied to historical assessments. Work by Rice and Chapman (1971) in Loch Torridon found that some 50 -64% of Nephrops burrow complexes had a non-standard construction, with either a single opening or one main entrance and one small circular opening. This suggests that, in practice, edge effects are likely to be strongly mitigated by difficulties in burrow identification, with the true scale of edge effects being closer to that shown in Figure 8d than that in Figure 8a . Again, this work was carried out in shallow diveable depths that may not be representative of deeper, commercially exploited populations.
The relationship between edge-effect errors, field of view, and burrow size makes it possible to investigate optimum fields of view for the camera in the context of burrow size. Although the impact of edge effects is minimized by having as wide a field of view as possible, this may be impractical in high-density areas, such as the Clyde or Irish Sea populations. The error caused by edge-effect overestimation is superseded by the practical requirement to see and count large numbers of small burrows. In lower density environments, where the burrows are larger and have greater diameter, such as the Fladen, it may be more appropriate to have a wider field of view.
It is apparent that of the burrows that cross the edge of the field of view, about half on average will fall within the counted area and half outside it. A more precise method of estimating burrow density would be to count the number of burrows which reviewers are confident lie wholly within the viewed track separately from those which are believed to cross the edge, i.e. to divide this second count in half and sum it to obtain a measure of population abundance. Repeating the modelling process detailed previously using this method of counting gave population counts of 0.98 -1.02 times the true population size, at all sledge sinkage and burrow sizes investigated. Although this approach has been described as a "crude attempt to account for edge effects" (ICES, 2007) , modelling suggests that the technique is significantly more accurate than currently applied practice. In reality, counting whole and partial burrows separately is difficult, so it may be necessary to review UWTV footage twice, once counting complete burrows and a second time counting those that cross the edge of the field of view. The currently accepted practice is to review 10 min of footage for each run, so reviewing twice would add significantly to the time required to conduct the assessment. However, it has been shown that cumulative mean burrow density values stabilize after 5 min of footage has been counted (Afonso-Dias, 1998; Bell et al., 2007) . It would therefore be possible to correct for edge effects without increasing the time required to review footage or to reduce the accuracy of the assessment, by reviewing for a shorter period. This approach was adopted by Morello et al. (2007) in an assessment of Nephrops populations in the Adriatic Sea.
This study did not take into account other factors that may influence the accuracy of counts. Variability in water clarity, experience of counters, burrow occupancy rates, and the presence of other burrowing species will all affect the degree to which Nephrops burrow complexes are successfully identified, leading to inaccuracies in UWTV abundance estimates. The extent of overestimation presented here should not be seen as an absolute measure of error in UWTV surveys, rather as a correction for one factor that affects population estimates, nor should it be assumed that all sources of error act in the same direction. Further work is needed to estimate and compensate for these other factors. FRS UWTV survey design has traditionally taken a conservative approach to Nephrops distribution, with surveys restricted to sediments containing up to 1% gravel and 90% sand, but Nephrops are known to live in sediments of up to 5% gravel or 94% sand (Afonso-Dias, 1998) . Moreover, the accuracy of sediment maps to whose area burrow densities are raised to produce population size estimates has been questioned recently and found to consistently underestimate the area of sediments suitable for Nephrops habitat (Campbell et al., 2008) .
Taking into account all the factors discussed above, it is possible to derive an equation to produce a correction factor for use in any survey, given that the parameters of the TV camera and the median size of Nephrops burrows are known: Z ¼ z p ððL À SÞ=cosðC À 0:5VÞÞ tanð0:5HÞ p ððL À SÞ=cosðC À 0:5VÞÞ tanð0:5HÞ þ D ;
where V is the vertical angle of view, H the horizontal angle of view, C the mounting angle of the camera on the sledge, L the height of the camera lens from the bottom of the sledge, S the sinkage of the sledge into the seabed, D the median burrow length, Z the corrected burrow density estimation, and z the original burrowdensity estimate. Despite the problems highlighted here, it should be remembered that uncertainty exists in all survey methods. UWTV surveys are less likely to suffer from large temporal variations in uncertainty than trawl or acoustic surveys (Rose et al., 2000; Swain et al., 2000) . Moreover, many identified uncertainties and accuracy problems can be addressed relatively easily with improved procedures, additional modelling, or instrumentation.
